In conventional measurements of the resistance of a two-dimensional (2D) layer an electrical current is driven through the layer and the voltage drop along the layer is measured. In contrast, Coulomb drag studies are performed on two closely spaced but electrically isolated layers, where a current I 1 is driven through one of the layers (active layer) and the voltage drop V 2 is measured along the other (passive) layer (Fig. 1) . The origin of this voltage is electron-electron (e-e) interaction between the layers, which creates a 'frictional' force that drags electrons in 1
the second layer. The ratio of this voltage to the driving current R D = −V 2 /I 1 (the drag resistance) is a measure of e-e interaction between the layers. The measurement of Coulomb drag in systems of parallel layers was first proposed in Ref. (1, 2) and later realised in a number of experiments (3, 4, 5, 6, 7) (for a review see Ref. (8) ). As Coulomb drag originates from e-e interactions, it has become a sensitive tool for their study in many problems of contemporary condensed matter physics. For example, Coulomb drag has been used in the search for Bosecondensation of interlayer excitons (9) , the metal-insulator transition in two-dimensional (2D) layers (10) , and Wigner crystal formation in quantum wires (11) .
Electron-electron scattering, and the resulting momentum transfer between the layers, usually creates a so-called 'positive' Coulomb drag, where electrons moving in the active layer drag electrons in the passive layer in the same direction. There are also some cases where unusual, 'negative' Coulomb drag is observed: e.g. between 2D layers in the presence of a strong, quantising magnetic field (6, 7) ; and between two dilute, one-dimensional wires where electrons are arranged into a Wigner crystal (11) . All previous studies of the Coulomb drag, however, refer to the macroscopic (average) drag resistance. Recently there have been theoretical predictions of the possibility to observe random fluctuations of the Coulomb drag (12, 13) , where the sign of the frictional force will change randomly from positive to negative when either the carrier concentration, n, or applied (very small) magnetic field, B, are varied. 
where
, and ρ 1 and ρ 2 are the active and passive layer resistivities, respec-
the decoherence time; κ is the inverse screening length; A = 4.9 × 10 −3 and g = h/(e 2 ρ) is the dimensionless conductivity of the layers. Using the parameters of our system, this expression gives a variance of ∼ 6 × 10 −11 µS 2 , which is approximately eight orders of magnitude smaller than the variance of the observed drag fluctuations. The fluctuations in ρ D have been measured in two different samples, and their variance is seen to be similar in magnitude and T -dependence, confirming the discrepancy with the theoretical prediction (12) .
The expected fluctuations of the drag conductivity share the same origin as the UCF in the conventional conductivity: coherent electron transport over L ϕ in the layers prior to e-e interaction between the layers (Fig. 1 ). For this reason we have compared the drag fluctuations with the fluctuations seen in the single-layer resistivity of the same structure (Fig. 3B, inset) , which have shown the usual behaviour (17) . We estimate the expected variance of the singlelayer conductance fluctuations using the relation ∆σ To address the question of the discrepancy between the magnitude of drag fluctuations in theory (12) and our observations, we stress that the theoretical prediction for the variance, Eq. 1, was obtained under the assumption of diffusive motion of interacting electrons, with small interlayer momentum transfers, q ≪ 1/l. As the layers are separated by a distance d, the e-e interactions are screened at distances ∆r > d. Therefore, in all regimes the maximum momentum transfers are limited by q < 1/d. In the diffusive regime, l < d, this relation also means that q < 1/l, that is, interlayer e-e interactions occur at distances ∆r > l and involve scattering by many impurities in the individual layers. In the opposite situation, l ≫ d, the transferred momenta will include both small and large q-values: q < 1/l and 1/l < q < 1/d.
We have seen that small q cannot explain the large fluctuations of the drag (12), and so argue that it is large momentum transfers with q > 1/l which give rise to the observed effect. In this case the two electrons interact at a distance ∆r that is smaller than the average impurity separation and, therefore, it is the local electron properties of the layers which determine e-e interaction.
In Ref. (14) it is shown that the fluctuations of the local properties are larger compared to those of the global properties that are responsible for the drag in the diffusive case.
A theoretical expression for the drag conductivity is obtained by means of a Kubo formula analysis (18, 19, 20, 21) (detailed description in supporting text). For a qualitative estimate, three factors have to be taken into account: (i) the inter-layer matrix elements of the Coulomb interaction D ij ; (ii) the phase space (the number of electron states available for scattering); and (iii) the electron-hole (e-h) asymmetry in both layers. Point (iii) takes into account that in a quantum system the current is carried by both electron-like (above the Fermi surface) and holelike (below the Fermi surface) excitations. If they were completely symmetric with respect to each other, then the current-carrying state of the active layer would have zero total momentum and thus no drag effect would be possible. The physical quantity that measures the degree of e-h asymmetry is the non-linear susceptibility Γ of the 2D layer. Theoretically, the drag conductivity is represented in terms of the non-linear susceptibilities of each layer and dynamically screened
2 correspond to the two layers) (18, 12) . The e-h asymmetry appears in Γ as a derivative of the density of states ν and the diffusion coefficient D: Γ ∝ ∂ (νD) /∂µ, and it is this quantity that is responsible for the fact that drag fluctuations can exceed the average. As Dν ∼ g and the typical energy of electrons is the Fermi energy, E F , we have ∂(νD)/∂µ ∼ g/E F for the average drag. The typical energy scale for the interfering electrons, however, is E T (L ϕ ) (17), which is much smaller than E F and therefore a mesoscopic system has larger e-h asymmetry.
Under the condition of large momentum transfer between the layers, fluctuations in Γ are similar to the fluctuations of the LDoS, which can be estimated as δν
. Also, the interaction in the ballistic regime can be assumed to be constant,
as q is limited by q ≤ 1/d. Finally, to average fluctuations of the drag over the sample with size L we should divide it into coherent patches of size L ϕ that fluctuate independently and thus decrease the total variance: ∆σ
are further averaged on the scale of ∼ k B T , and therefore the variance is suppressed by an additional factor of E T (L ϕ )/k B T . Combining the above arguments we find
where N is a numerical coefficient.
Compared to the diffusive situation (Eq. 1) the fluctuations described by our model are greatly enhanced. The difference between Eqs. 2 and 1 comes from the fact that in the ballistic regime electrons are not scattered by impurities between events of e-e scattering. Large momentum transfers correspond to short distances, and thus in the ballistic regime drag measurements explore the local (as opposed to averaged over the whole sample) non-linear susceptibility. This leads to the appearance of three extra factors in Eq. 2: (i) the factor l 4 /d 4 (which is also present in the average drag in the ballistic regime -see Ref. (18)); (ii) the phase space factor T /E T (which appears due to the fact that interaction parameters D ij are now energy-independent);
and (iii) the extra factor g 2 due to fluctuations of the local non-linear susceptibility. Local fluctuations are enhanced since the random quantity Γ is now averaged over a small part of the ensemble, allowing one to detect rare impurity configurations.
Our model not only explains the large magnitude of the fluctuations, but also predicts a non-trivial temperature dependence of their magnitude. The latter comes from the change in the temperature dependence of L ϕ (22) : at low temperatures, k B T τ /h ≪ 1, the usual result is
Consequently, the temperature dependence of the variance of the drag fluctuations is expected to change from T −1 at low T , to T −4 at high T . This temperature dependence is very different from the T -dependence of drag fluctuations in the diffusive regime, ∆σ 
